Introduction
Magnesium (Mg 2+ ), a bivalent cation, plays a vital role in a multitude of biological processes, including membrane stability, muscle contraction, enzymatic function, metabolism, protein/hormone synthesis, and neurotransmission. [1] [2] [3] Mg 2+ is obtained through diet and is absorbed primarily by the small intestine. 2 The average daily intake of Mg 2+ in the United States is 275 mg. 4 Between dietary intake and renal excretion, serum Mg 2+ levels are strictly maintained within a narrow range of 0.7-1.05 mmol/L. 5 Hypermagnesemia is rare and usually iatrogenic. It occurs occasionally in patients receiving Mg 2+ -containing parenteral infusions for preeclampsia and eclampsia, 2 high doses of calcium or lithium, 6, 7 or Mg 2+ -containing cathartics for drug overdose, [8] [9] [10] [11] and/or in patients with creatinine clearance (CrCl) rates ,30 mL/minute who have consumed 
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Bertiger et al Mg 2+ -containing antacids or cathartics. 2, 3, [12] [13] [14] [15] Patients with mild-to-moderate renal impairment (CrCl .30 mL/minute but ,90 mL/minute) are typically able to compensate for transient increases in serum Mg 2+ . 5 Older patients are generally more susceptible to hypermagnesemia than are younger patients, because of decreases in renal function. Clinical manifestations of hypermagnesemia are concentrationdependent and range from mild nausea/vomiting, bradycardia, and flushing (1.5-2.0 mmol/L) to flaccid paralysis of voluntary muscles, complete heart block, and coma (6-10 mmol/L) ( Figure 1 ). 2, [12] [13] [14] 16, 17 Because the use of Mg 2+ -containing bowel cleansing preparations before colonoscopy have the potential to produce disturbances in electrolytes, caution is advised when used in individuals with renal impairment. 5, 13, 15, 16, [18] [19] [20] [21] [22] Additionally, depending on the severity of these electrolyte disturbances, decreases in cardiac conduction and contractility may be seen. 16 With a focus on safety, we analyzed data from two Phase III, active-control, pivotal clinical studies that used sodium picosulfate and Mg 2+ citrate (Prepopik ® [P/MC]; Ferring Pharmaceuticals Inc., Parsippany, NJ, USA), a nonphosphate, dual-action, low-volume, natural orange-flavored bowel cleansing preparation, for colonoscopy. Post hoc analyses were performed to assess whether 1) patients receiving P/MC in preparation for colonoscopy experience an increase in serum Mg 2+ concentrations, 2) there is any correlation between serum Mg 2+ concentrations and renal function, and 3) an increase in serum Mg 2+ concentration is associated with changes in cardiac conduction or contractility in these patients.
Methods Patients
Patients aged 18-80 years and undergoing an elective colonoscopy were screened for inclusion into one of two Phase III clinical studies, SEE CLEAR I and SEE CLEAR II (Safety and Efficacy of a Dual-action, Low-volume Bowel Preparation: An Evaluation of Colon Cleansing in Day-before and Split-dose Regimens), that investigated the efficacy and safety of P/MC. 23, 24 To be eligible, patients needed to have had at least three spontaneous bowel movements per week for 1 month before the scheduled colonoscopy. Patients with renal insufficiency at screening, that is, patients with serum CrCl outside the normal range (45-84 µmol/L for women and 59-104 µmol/L for men) and serum potassium outside the normal range (3.6-5.2 mmol/L) were excluded from the study. Patients also were excluded if they had active inflammatory bowel disease, colonic disease, or gastrointestinal disorders; had undergone prior colorectal or upper gastrointestinal surgery; or had uncontrolled angina and/or myocardial infarction within 3 months before screening, or congestive heart failure, or uncontrolled hypertension. All patients provided written informed consent at screening.
study design and treatment
This is a post hoc analysis of two prospective, Phase III, randomized, multicenter, active-control, assessor-blinded, pivotal clinical studies that investigated the efficacy, safety, and tolerability of split-dose P/MC (SEE CLEAR I) 25 International Conference on Harmonisation Good Clinical Practice guidelines, 26 applicable regulatory requirements, and the institutional review boards at each study site.
A description of the bowel preparations used during the studies has been previously reported. 23, 24 In brief, patients randomly assigned to receive split-dose P/MC were instructed to reconstitute and drink the first P/MC packet between 5 pm and 9 pm the evening before the colonoscopy. These patients were instructed to consume the second reconstituted packet at least 5 hours, but not more than 9 hours, before the colonoscopy. Patients assigned to receive day-before P/MC were instructed to consume the first reconstituted packet between 4 pm and 6 pm the day before the colonoscopy and to take the second reconstituted packet at least 6 hours later, between 10 pm and 12 am. After consumption of the first P/MC packet, patients were instructed to consume approximately five 8-ounce glasses of clear fluids; after consumption of the second packet, patients were instructed to consume at least three 8-ounce glasses of clear liquids of their choice over the next few hours as per manufacturers instructions. The two packets of P/MC contain a combined 4.2 g of Mg 2+ .
assessments Serum Mg 2+ (normal range, 0.7-1.05 mmol/L) and serum creatinine concentrations were measured as part of a full chemistry panel on blood samples obtained at screening, on the day of colonoscopy, and 24-48 hours, 7 days (up to +3 days), and 4 weeks (±5 days) after colonoscopy. Laboratory measurements were performed by a central laboratory (ICON Central Laboratories, Inc.; Farmingdale, NY, USA) with validated methods, and CrCl was estimated with the Cockcroft-Gault method.
Twelve lead electrocardiograms (ECGs) were obtained at screening, on the day of colonoscopy, and 24-48 hours, 7 days (up to +3 days), and 4 weeks (±5 days) after colonoscopy. All ECG measurements were performed by a central ECG laboratory (eResearch Technology, Inc.; Philadelphia, PA, USA) with standard methods. Ventricular rate (beats/minute) was calculated, and the PR, R-R, QRS, and QT interval durations were measured with computer-assisted caliper placement on three consecutive beats in Lead II or an alternative lead if Lead II was not acceptable for measurement. Experienced cardiac safety specialists reviewed all ECGs for correct lead and beat selection, with caliper placement adjudication where necessary. The onset of the QRS complex and the end of the T wave were reviewed to define the QT interval. R-R duration was similarly reviewed, selecting the peak of two consecutive R waves, starting with a previous R wave from the first PQRST complex. Independent parameters, including corrected QT interval using Bazett's formula (QTcB) or Fridericia's formula (QTcF), were derived and recorded.
Adverse events (AEs) were recorded throughout the study, coded using version 13.0 of the Medical Dictionary for Regulatory Activities, 27 and were based on a patient's response to questions about his or her health, spontaneous reports, and clinically relevant changes and abnormalities observed by the investigator. A treatment-emergent AE (TEAE) was any AE that began during the treatment period or was a worsening of a preexisting medical condition. The relationship of a TEAE to treatment was assessed by the investigator on the basis of clinical judgment.
statistical analysis
This analysis was based on the intent-to-treat populations of patients randomly assigned to receive P/MC during the SEE CLEAR studies. Patients were stratified within each P/MC dosing regimen by serum Mg 2+ level (normal or abnormal) and by CrCl rate (.90 mL/minute, 60-89 mL/minute, and 30-59 mL/minute). Descriptive statistics were used to describe demographics, baseline characteristics, serum Mg 2+ concentrations, and ECG parameters. A simple linear regression model was used to correlate serum Mg 2+ concentrations and rate of CrCl.
Results

Patients
A total of 304 patients who received split-dose P/MC and 294 patients who received day-before P/MC were included in this analysis (Table 1) . Across both dosing regimens, the mean age was 56 years; approximately 20% of the patients receiving either dosing regimen were aged 65 years or older. Approximately one-third of the patients receiving either dosing regimen had a CrCl ,90 mL/minute. Patients with renal insufficiency were excluded from this study; therefore, no patients had a CrCl rate ,30 mL/minute. Despite the intake of 4.2 g of Mg 2+ with the consumption of P/MC, only 11% of the patients receiving split-dose P/MC and 9% Figure 2 . The highest reported serum Mg 2+ concentration with either dosing regimen was a transient 1.25 mmol/L (n=2), with the majority of Mg 2+ concentrations at or below 1.15 mmol/L (n=266 for split-dose P/MC; n=265 for day-before P/MC). All patients with CrCl ,60 mL/minute had serum Mg 2+ levels well below the lowest clinically significant Mg 2+ concentration known to cause AEs (1.5-2 mmol/L). Among patients who received split-dose P/MC and who had abnormal serum Mg 2+ levels on the day of colonoscopy, there was a slight trend for increased serum Mg 2+ concentration with decreasing CrCl. However, when posttreatment mean CrCl levels were stratified according to values of 30-59 mL/minute, 60-89 mL/ minute, and $90 mL/minute and plotted against mean serum Mg 2+ levels, no differences were observed on the basis of renal function (Figure 3 .500 milliseconds. One patient with normal Mg 2+ levels experienced QTcB and QTcF intervals .500 milliseconds; however, these intervals were due to only minimal increases from baseline (,30 milliseconds). During the course of both studies, three patients who received split-dose P/MC and two patients who received the day-before regimen had a QTcB or QTcF interval increase from baseline $60 milliseconds. However, all the patients in both studies who had a QT interval increase from baseline $60 milliseconds maintained serum Mg 2+ levels between 0.6 and 1.0 mmol/L throughout the study. Overall, there were no changes in cardiac function or electrophysiology following either the day-before or split-dose regimen. PR intervals ( Figure 6 ) and QRS intervals ( Figure 7) were similar, with overlapping first and third quartile values during the study for patients with normal or elevated serum Mg 2+ concentrations on the day of colonoscopy, regardless of dosing regimen. Other cardiac parameters are summarized in Table 2 , magnesium; ms, milliseconds; P/MC, sodium picosulfate and Mg 2+ citrate; QTcB, corrected QT interval using Bazett's formula; QTcF, corrected QT interval using Fridericia's formula; RR, interbeat; SD, standard deviation; SEE CLEAR, Safety and Efficacy of a Dual-action, Low-volume Bowel Preparation: an Evaluation of Colon Cleansing in Day-before and split-dose regimens.
dose: 15 patients [6%]; day-before: 27 patients [10%]). The possibly or probably related TEAEs among patients with elevated Mg 2+ concentrations on the day of colonoscopy are listed in Table 3 . Only 1 TEAE (mild vomiting) was considered probably related to the bowel preparation. All of the TEAEs possibly or probably related to the bowel preparation were mild or moderate in intensity and were not considered serious AEs. One patient experienced dry throat and throat irritation for a week after colonoscopy; all other TEAEs resolved on the day of or day after the procedure.
Discussion
There have been rare reports of severe, and sometimes fatal, cases of hypermagnesemia after the use of activated charcoal combined with a Mg 2+ -containing cathartic for the treatment of accidental drug overdose in elderly patients 8, 11, 28 and for intentional drug overdose in younger adults. 9, 10, 16 In all the above case studies, patients had peak serum Mg 2+ concentrations of 2.3 mmol/L to as high as 10.65 mmol/L and developed symptoms indicative of hypermagnesemia, including marked hyporeflexia, bradycardia, and/or cardiorespiratory arrest; one of the seven patients in these case studies died. 11 In all of these cases, the absolute amount of Mg 2+ administered (ranging from 6.6 g administered over 16 hours [0.4 g/hour] to 90 g administered over 18 hours [5 g/hour]) was much greater than the dose in the present studies (4.2 g). [8] [9] [10] [11] 16, 28 One patient who died from excessive Mg 2+ received a one-time dose of 17.5 g of Mg 2+ via an enteral tube. 11 In a prospective observational study of 102 patients (without renal disease) who were referred to a statewide-based poison control system after consuming activated charcoal and Mg 2+ citrate (mean, 9.2 g Mg 2+ over 24-48 hours), the mean serum Mg 2+ concentration increased from 0.9 mmol/L at baseline to 1.25 mmol/L. 15 Nearly half of the patients had peak Mg 2+ concentrations .1.2 mmol/L, the upper limit of normal for the study, and 12 patients had peak Mg 2+ concentrations between 1.5 and 2.0 mmol/L. 15 This dose was more than double the amount of Mg 2+ in the current studies, and the majority of patients' serum Mg 2+ levels remained in the normal range. -containing bowel preparation were reported. [19] [20] [21] 33 Although three patients in one study experienced an increase in serum Mg 2+ in excess of 0.25 mmol/L, 19 and the maximum increase in serum Mg 2+ in another study was reported to be 0.34 mmol/L, 33 the maximum serum Mg 2+ concentration noted in these reports was ,1.2 mmol/L, with no clinical sequelae. [19] [20] [21] In our analysis, a slight-to-moderate impairment of renal function did not meaningfully affect serum Mg 2+ levels. There was a trend for a slight increase in serum Mg 2+ concentration with decreasing CrCl, but at CrCl between 30 and 60 mL/minute, serum Mg 2+ concentrations also remained well below the 1.5-2.0-mmol/L threshold. Increases in serum Mg 2+ concentrations in all patients were transient and returned to baseline within 24-48 hours after colonoscopy. Given the rapid change in Mg 2+ concentrations, our data cannot rule out the possibility that Mg 2+ concentrations were further elevated in some patients before measurement on the day of colonoscopy. However, similar changes in serum Mg 2+ concentrations occurred with both treatment regimens (split-dose or day-before P/MC), and no clinically significant effect on cardiac conduction was observed in patients with elevated Mg 2+ concentrations. Although hypermagnesemia can lead to reduced cardiac contractility, 16 our analysis indicates that elevated serum Mg 2+ levels found in patients receiving P/MC did not have an untoward impact on cardiac electrophysiology. There were no differences in the PR or QRS intervals between baseline ECGs and the ECGs obtained on the day of colonoscopy among patients experiencing elevated serum Mg 2+ or in patients with normal Mg 2+ levels on the day of colonoscopy. A QT interval (corrected for heart rate) .500 milliseconds or an increase of $60 milliseconds is considered to be predictive of serious adverse drug effects or increased risk for torsades de pointes. 34, 35 Across both SEE CLEAR studies, only one patient with normal Mg 2+ levels experienced a QTcB and QTcF .500 milliseconds, and three patients with normal Mg 2+ levels experienced an increase of $60 milliseconds. These results indicate that the minimal P/MC-related increases in Mg 2+ did not cause any significant cardiac electrophysiologic sequelae.
The percentage of patients reporting a TEAE possibly or probably related to the bowel preparation was slightly higher among patients with elevated Mg 2+ concentrations on the day of colonoscopy. However, this result could be expected given the approximately ten fold higher number of patients with normal Mg 2+ levels than patients with elevated Mg 2+ concentrations on the day of colonoscopy. None of the possibly or probably related TEAEs in the patients with elevated Mg 2+ levels on the day of colonoscopy were considered severe, and all but one resolved within 48 hours after colonoscopy (one patient's dry and irritated throat resolved within 10 days). Moreover, none of the TEAEs in the patients with elevated Mg 2+ levels on the day of colonoscopy were considered cardiac disorders. Any changes in ECG among these patients were not considered TEAEs.
Results from this post hoc analysis agree with the recommendations by the UK National Patient Safety Agency, indicating that Mg 2+ -containing bowel preparations for colonoscopy, such as P/MC, can be used safely in patients with mild-to-moderate renal impairment. 18 As always, caution should still be exercised when using any high-volume agents in patients with severe renal impairment. In this analysis of two large-scale, pivotal efficacy and safety studies using splitdose and day-before dosing of P/MC, there were only slight changes in Mg 2+ levels in a few patients, with no negative effects on any cardiac measures. Additional studies may be needed to further characterize the risk of hypermagnesemia in elderly patients and in patients with preexisting morbidity. Eleven elderly patients (aged $65 years) were included in our analysis; however, the majority of patients in both studies were ,65 years old. Additionally, patients with specific gastrointestinal and cardiovascular comorbidities were excluded from both studies. Due to this, it is not clear how well these results extrapolate to patients with prior colorectal surgery, active irritable bowel syndrome, or other disorders that may be associated with alterations of the colonic barrier. A prospective randomized trial is needed to fully identify factors that may predispose patients to a greater risk of developing hypermagnesemia when consuming a Mg 2+ -containing cathartic.
Conclusion
In patients receiving P/MC to prepare for colonoscopy, serum Mg 2+ concentrations generally were not affected by a patient's level of renal function. An elevation in serum Mg 2+ levels was found in a small proportion of patients; however, Mg 2+ levels remained well below the threshold for hypermagnesemia symptoms and returned to baseline within 1-2 days. P/MC showed no clinically significant effect on cardiac conduction in patients, including those with mild-to-moderate renal impairment.
